sectors were classified into 12 categories, "power generation" contributed the most to the total 35 cumulative CO 2 emissions at 36.51%, followed by the "non-metal and metal industry", 36 "petroleum and chemical industry", and "mining" sectors, representing emissions proportions of 37 29.81%, 14.79%, and 9.62%, respectively. Coal remains the primary fuel in central China, 38 accounting for an average of 80.59% of the total CO 2 emissions. Industrial processes also played a 39 critical role in determining the CO 2 emissions, with an average value of 7.3%. The average CO 2 40 emissions per capita across the 18 cities increased from 6.14 metric tons in 2000 to 15.87 metric 41 tons in 2014, corresponding to a 158.69% expansion. However, the average CO 2 emission 42 intensity decreased from 0.8 metric tons/1,000 Yuan in 2000 to 0.52 metric tons/1,000 Yuan in 43 2014 with some fluctuations. The changes in and industry contributions of carbon emissions were 44 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT city specific, and the effects of population and economic development on CO 2 emissions varied. 45 Therefore, long-term climate change mitigation strategies should be adjusted for each city. 46 47
Introduction

49
Despite slowing economic activity and changing economic structure, China has remained the 50 world's largest energy consumer and accounts for 23% of global energy consumption (BP, 2016). 51
Nearly three-quarters of the growth in global carbon emissions from the burning of fossil fuels and 52 cement production between 2010 and 2012 occurred in China (Liu et al., 2015c However, in order to achieve China's national mitigation targets, sub-administrative regions, such 60 as cities, should be assigned responsibilities accordingly. 61
Cities are the centres of wealth and creativity, and with their high population densities and 62 economies, they are being recognized as major components in the implementation of climate 63 change adaption and CO 2 emission mitigation policies ( analysing the potential to reduce emissions (Bi et al., 2011) . Therefore, understanding the 68 emission status of individual cities is a fundamental step for proposing mitigation actions 69 (Hoornweg et al., 2011) . Although numerous studies have been carried out to investigate CO 2 70 emissions at the community (Song et al., 2012) , town (Feng et al., 2015) , city (Cai and boundaries, the limited quality of the emission activity data, and non-unified research methods, 77
which together make it difficult to estimate city-scale carbon emissions (Kennedy et al., 2010; Liu 78 et al., 2015b; Wang and Cai, 2017 ). Complete energy balance tables and CO 2 emission inventories 79 are available for Chinese megacities (Beijing, Tianjin, Shanghai, and Chongqing) (Geng et al., 80 2011b ) and a few provincial capital cities . However, another 250+ cities of 81 various sizes and developmental stages lack consistent and systematic energy statistics, and the 82 accuracy of the existing data is not absolutely guaranteed (Liu et al., 2015c) . Moreover, CO 2 83 emissions are calculated as the product of activity data and an appropriate emission factor (Sugar 84 et al., 2012) . Most previous studies have employed the emission factor recommended by the IPCC, 85 M A N U S C R I P T
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which might not be suitable for China's situation (Liu et al., 2015c 
151
The total share of the population for these aggregated 18 cities compared to the nation's total 152 population has increased from 6.38% in 2000 to 6.85% in 2014. In addition, the percentage of 153 GDP increased from 6.45% in 2000 to 8.73% in 2012 with some fluctuations (Fig. 2A) . We further 154 compared the proportions of GDP and population for the three cities to those of the provinces ( 
Construction of CO2 emission inventory
164
The specific method used to calculate the carbon emissions for each sector was discussed in 165 our previous study , and only the most salient details are provided here. 166
To calculate the CO 2 emission inventory for each city, we need to define the boundary of the 167 city (Bi et al., 2011; Cai and Zhang, 2014; Liu et al., 2015a; Satterthwaite, 2008) . In this study, 168 administrative territorial boundaries were considered the boundaries for the city's CO 2 emissions. 169
These boundaries typically include urban centres, towns and rural populations 170 Wang et al., 2012) . The emissions generated from fossil fuel combustion and industrial processes 171 within the city are included. Energy consumed as chemical raw materials or lost during 172 transportation is removed from the total energy consumption to avoid double counting. Emissions 173 from electricity and heat generated within the city boundary are counted based on the primary 174 energy input used, such as raw coal . Our administrative territorial emission 175 inventory excludes emissions from imported electricity and heat consumption from outside the 176 city boundary, as well as the energy consumed in inter-city transportation. We only focus on fossil 177 M A N U S C R I P T
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fuel consumed within the city boundary 
where CE process refers to the carbon emissions generated from the industrial process (t [1, 7]), 204 and EF t represents the emission factor for an industrial product. Most of the emission factors for 205 industrial processes were collected from the IPCC (2006), while the emission factor for cement 206 production was collected from our previous study (Liu et al., 2015c) . 207 Table S2 ). 
Data sources
237
Among the 18 cities, clear differences were seen in the CO 2 emissions over time (Fig. 4) . The 238
AAGRs for Hefei, Xinzhou, and Changsha increased rapidly, with values of 17.32%, 16.92%, and 239 15.08%, respectively (Fig. 4) , due to rapid economic development and population centralization 240 (Table 2) . Conversely, Jiaozuo, Luoyang, Changde, Huangshi, and Wuhan developed with very 241 low growth rates, with AAGRs of 1.37%, 2.82%, 4.12%, 5.05%, and 5.25%, respectively (Fig. 4) . 242
With the addition of Zhengzhou (5.85%) and Yangquang (7.29%), 7 of the 18 cities' AAGRs were 243 below the average level (7.87%) (Fig. 4) . However, the baseline CO 2 emissions for Wuhan and 244
Zhengzhou in 2000 were higher than those of the other cities ( Fig. 2 ; 
257
The two cities with the highest cumulative CO 2 emissions were Taiyuan and Wuhan, totalling 258 In Wuhan, the proportion decreased from 20.67% to 14.56% (Fig. 5) . 287
The percentage of single city's CO 2 emissioins to the total CO 2 emissions/(%) (Table S1) ). The results show that "power generation" represented the largest share of 298 the total cumulative CO 2 emissions, accounting for an average of 36.51% among the 18 cities. In 299
Beijing, the production and supply of electric power and steam power also accounted for 32% of 300 the total direct carbon emissions (Shao et al., 2016b) . The "non-metal and metal industry", and 301 "petroleum and chemical industry", and "mining" sectors accounted for the second largest 302
proportions of total CO 2 emissions, at 29.81%, 14.79%, and 9.62%, respectively. The CO 2 303 emissions generated from "mining" in the TYUA, representing the highest contribution of 28.21% 304 over the whole period, were higher than those derived from "power generation", especially in 305
Taiyuan and Yangquan (Fig. 6 ). In addition, with the progression of urbanization, the "petroleum 306 and chemical industry" and "mining" sectors gradually yielded to "power generation" in Taiyuan,  307 with 
312
The average CO 2 emissions from SI (secondary industry) accounted for the largest share of the 313 total CO 2 emissions, ranging from 78.72% in Changsha to 95.01% in Taiyuan (Fig. S1 ). The 314 contribution of SI to the total GDP was 48.69% and 44.18% in Changsha and Taiyuan, 315
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respectively, indicating that an industrial structure shift from SI to tertiary industry (TI) could be 316 beneficial not only in increasing the GDP but also in reducing carbon emissions. Three categories 317 of relationships between the contributions of SI to the total GDP and CO 2 emissions were 318 observed. First, a decrease in the percentage of SI-related CO 2 emissions occurred with increasing 319 contributions of SI to GDP. Cities in this category included Wuhan, Zhengzhou, and Changsha. 320
Second, the proportion of SI-related CO 2 emissions increased with SI contributions to GDP. Hefei 321
and Nanchang belonged to this category. Third, the industrial structure and the contribution of 322 SI-related CO 2 emissions remained roughly stable, such as in Taiyuan (Fig. S1 ). 323
Fig . 7A presents the proportion of CO 2 emissions from fossil fuel combustion and industrial 324 processes for six urban agglomerations for the study period. Fig. 7B 2015a). By merging 20 energy types into 3 categories, including coal, oil, and natural gas, we 332 further analysed the CO 2 emissions by energy type (Fig. S2 ). 333
It is well known that coal is a high-emission fossil fuel compared with crude oil and natural 334 gas since it emits more CO 2 to produce the same amount of heat compared with the other energy 335 types (Li et al., 2010) . In the TYUA, 95% of the CO 2 emissions were generated from coal 336 combustion, while 0.53% were from natural gas (Fig. 7A) , which is why Taiyuan, which largely 337 relied on coal, contributed the most to the total CO 2 emissions. Among the coal-related CO 2 338 emissions, the contribution of "mining" in Taiyuan accounted for 55% in 2014 followed by 339 "power generation". In the other five provincial capital cities, the "power generation" sector 340 contributed the most to the raw CO 2 emissions, especially in Nanchang, where power generation 341 had the largest share at 95%. Taking 2014 as an example, the raw coal-related CO 2 emissions were 342 higher in Taiyuan than those of the other provincial capital cities, and the emissions from Taiyuan  343 were larger than the total CO 2 emissions from Zhengzhou, Hefei, Changsha and Nanchang (Fig.  344  7B 
348
Although the CO 2 emissions from coal gradually increased, the proportion of coal-related 349 emissions decreased due to improvements in the energy mix (Geng et al., 2011b 9.7%, and natural gas-related CO 2 emissions increased from 0.07% to 4.61% (Fig. S2) . In 2015, 354 coal remained the dominant fuel, accounting for 64% of China's energy consumption, and this was 355 the lowest share on record, representing a decrease from a high of 74% in the mid-2000s. Coal 356 production fell by 2% compared to the 10-year average growth of 3.9%. However, the production 357 of other fossil fuels grew: natural gas production increased by 4.8% and oil production increased 358 by 1.5%. China's CO 2 emissions from energy use declined by 0.1% in 2015, the first decline in 359 emissions since 1998 (BP, 2016). 360
Industrial processes also played a significant role in determining CO 2 emissions and 361
represented an average of 7.3% of the total emissions over the study period, which is consistent 362 with the results reported by Olivier et al. (2013) . The percentage of emissions generated from 363 industrial processes varied from 0.96% in Xinzhou to 31.58% in Shangrao due to differences in 364 economic development and energy structure. 365 The average CO 2 emissions per capita across the 18 cities increased from 6.14 metric tons in 372 2000 to 15.87 metric tons in 2014, corresponding to a 158.69% expansion, which appeared higher 373 than the total values for China and the world (Fig. 8) . This increase puts tremendous pressure on 374 local governments as they seek to realize their carbon emission reduction ambitions (Wang et al., 375 2012). The average per capita CO 2 emissions in this study were 2.27 times higher than those of 376 China and 1.52 times higher than those of the world in 2000 and were 1.7 and 2.5 times higher, 377 respectively, in 2012 (Fig. 8) . In addition, the per capita CO 2 emissions of central Chinese cities, 378 such as Taiyuan, Yangquan, Jiaozuo, Wuhan, were higher than those of highly urbanized cities as 379
Preliminary analysis of factors influencing carbon
Shanghai, Beijing, Tianjin emitted 12.8, 10.7, and 11.9 t CO 2 -eq/capita, respectively, in 2006 380 (Sugar et al., 2012) . Therefore, reducing the per capita carbon emissions in the central region is 381 very important given the carbon mitigation targets of China and the world. The result of this 382 comparison reveals that some Chinese cities have already emitted more CO 2 than cities abroad, 383 not only in terms of total quantity but also per capita (Yu et al., 2012) . 
388
The increasing tendency of per capita CO 2 emissions differed among individual cities due to 389 differences in development stages and pathways. The AAGR of per capita CO 2 emissions 390 increased rapidly in Xinzhou (16.39%), Changsha (13.93%), Xianning (13.81%). However, the 391 per capita emissions in Jiaozuo exhibited a slow growth rate of 0.55% per year during the 392 observation period, which coincided with the lower growth rate of total CO 2 emissions (AAGR: 393 1.37%) (Fig. 4 and Fig. 9 ). Per capita CO 2 emissions represent not only an individual's lifestyle 394 choices but also the nature of local infrastructure and the structure of the economy in a given 395 geographical region (Hoornweg et al., 2011) . Among the six provincial capital cities, the per 396 capita CO 2 emissions were consistently above average for Taiyuan and Wuhan and were below 397 average for the other four provincial capitals over the study period (Fig. 9) . Taiyuan, the capital 398 city of Shanxi, is the headquarters of the China National Coal Group Corporation. In addition, 399
Wuhan is a critical industrial base in China and is home to many industries, including iron and 400 steel, automobile, electronics, chemical industry, metallurgy, textiles, shipbuilding, manufacturing, 401 medicine and other industrial sectors. Consequently, these two cities have the highest CO 2 402 emissions. Although Taiyuan and Wuhan emitted the largest amounts of CO 2 in 2014, and these 403 amounts were approximately the same at 183.53 Mt and 167.77 Mt ( Fig. 2 ; Table S2 ), respectively, 404 the population of Wuhan was 2.8 times larger than that of Taiyuan (Table 1 ). In addition, the per 405 capita emissions from Taiyuan were 3 times higher than those from Wuhan (Fig. 9) . Interestingly, 406 the per capita CO 2 emissions in Taiyuan decreased from a peak of 58.15 metric tons in 2008, 407 which was 3 times higher than the average level in 2014 (Fig. 9) . However, the per capita CO 2 408 M A N U S C R I P T 
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416
The emissions intensity and AAGR for individual cities are shown in Fig. 9 . Although total 417 CO 2 emissions have increased over the past 15 years, the average CO 2 emission intensity 418 decreased from 0.8 metric tons/1,000 Yuan in 2000 to 0.52 metric tons/1,000 Yuan in 2014, with 419 some fluctuations (Fig. 9) . The primary reason for the reduction in emission intensity is that the 420 GDP grew faster than emissions (Fig. 10) . The total GDP and CO 2 emissions increased by 454.61% 421 and 188.71%, with annual growth rates of 13.02% and 7.87%, respectively, during the period from 422 2000 to 2014 (Fig. 10) . With the exception of the TYUA, the average CO 2 emission intensity 423 appeared to be lower than 0.5 metric tons/1,000 Yuan in the other 15 cities in 2014 (Fig. 9) , with 424 M A N U S C R I P T
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values ranging from 0.11 to 0.45 metric tons/1,000 Yuan. The TYUA, located in Shanxi province, 425 was recognized as the largest coal producing region. However, instead of retaining large profits, 426 the TYUA supplied coal to the other regions; therefore, although the GDP of this region was not 427 very high, the TYUA had the largest amount of coal consumption and consequently the highest 428 CO 2 intensity (Geng et al., 2011b) . The results presented in this study align with those of Liu et al.
429
(2015a), who illustrated that developed regions possess both higher total emissions and per capita 430 emissions with lower emission intensity. The national average CO 2 emission intensity in 2012 was 431 0.15 metric tons/1,000 Yuan, and the value in the central region was 0.2 metric tons/1,000 Yuan 432 (Shan et al., 2016c) . However, the value in this study was 0.46 metric tons/1,000 Yuan, which was 433 higher than that of the central region and of China as a whole. Consequently, more efforts should 434 be taken to increase the use of low-carbon energy and clean energy and to reduce the carbon 435 emission intensity in these 18 cities, such as changing energy consumption. The emission 436 intensities of the PI, SI, and TI decreased from 2000 to 2014, especially for the SI in Wuhan and 437
Zhengzhou, which had AAGRs of -10.58% and -10.29%, respectively (Fig. S1 ). and energy efficiency have also been found to be the primary factors determining emission 444 intensity (Su et al., 2014) . The share of tertiary industry has a positive effect in curbing carbon 445 emission intensity . The average CO 2 emission intensity in Taiyuan (1.53  446 metric tons/1,000 Yuan) was approximately 10 times higher than that of Changsha (0.14 metric 447 tons/1,000 Yuan). As discussed above, the dependence on coal and oil and the utilization of clean 448 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT energy together resulted in higher CO 2 emissions in Taiyuan. In this study, the sectoral CO 2 449
emissions from "coal mining and dressing" and "petroleum processing and coking" amounted to 450 581 and 502 Mt for Taiyuan and 4.4 and 0.1 Mt for Changsha, respectively, in 2014 (Fig. 6 ). 451
China has adopted the target of reducing the CO 2 emissions per 1,000 found that the population and GDP for the selected 18 cities accounted for an average of 6.57% 472 and 7.91% of China's total population and GDP, respectively, during the investigation period (Fig.  473  2A) . However, the share of the CO 2 emissions of these cities in various studies is on average 13.38% 474 of China's total CO 2 emissions (Shan et al., 2016c) , which is higher than the proportions of GDP 475 and population. Although the total CO 2 emissions increased from 396. (Fig. 4) , per capita GDP 484 (Table 1) , and per capita CO 2 emissions (Fig. 9) , while Nanchang has lower cumulative CO 2 485 emissions (Fig. 3) , per capita GDP (Table 1) , and per capita CO 2 emissions (Fig. 9) Fig. 3-5 ; Table S2 ). In addition, the CO 2 emissions of Nanchang grew faster than 489 among Chinese cities (Yicai, 2016) , and these companies contributed the largest share of the GDP 498 of Wuhan. As discussed above, TI plays a significant role in improving energy efficiency and 499 reducing carbon emissions Zhang et al., 2014) , and the presence of these 500 industries is the reason why the AAGR of emission intensity in Wuhan greatly decreased during 501 the investigation period (9.55%) ( Table 2 ). Consequently, Wuhan was able to maintain or even 502 decrease its CO 2 emissions while increasing its economic development and population. Contrary 503 to Wuhan, the industrial structures of Nanchang changed from PI and TI to SI, which increased the 504 share of SI-related CO 2 emissions. Furthermore, the AAGR of the GDP of Nanchang was also 505 lower compared to the other six capital cities. Thus, Nanchang was focused on quickly developing 506 its economy while controlling the growth of CO 2 emissions. 507 Economic development has a negative relationship with CO 2 emissions (Zhang and Cheng, 510 2009). For example, Taiyuan had higher CO 2 emissions ( Fig. 3-5 ; Table S2 ) and per capita 511 emissions (Fig. 9 ) but a lower per capita GDP (Table 1 ). In contrast with Taiyuan, Changsha had 512 lower CO 2 emissions ( Fig. 3-5 ; Table S2 ) and per capita emissions (Fig. 9 ) but a higher per capita 513 GDP (Table 1 ). The cumulative CO 2 emissions of Taiyuan were 4.7 times higher than those of 514 Changsha (Fig. 4) , and in 2014, these two cities emitted 183.53 and 53.61 Mt (Table S2), while  515 the GDP and permanent resident population were 3.1 and 1.8 times lower, respectively, than those 516 of Changsha (Table 1) . Therefore, higher emission intensity and higher per capita CO 2 emissions 517 were found in Taiyuan (Fig. 9) . The average SI-related CO 2 emissions in Taiyuan were largest 518 among the six provincial capital cities at 95.01%. The economic activities of Taiyuan relied  519 heavily on intensive resource mining, such as coal (97.44%; Fig. S2 ), resulting in the largest 520 amount of CO 2 emissions in the central region (Liu et al., 2012a) . Thus, it is necessary to change 521 the energy structure and accelerate the process of industrial upgrades in Shanxi. For example, 522 shifting energy consumption from coal to a greater share of clean energy, such as natural gas, 523 M A N U S C R I P T
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hydropower, and solar, has been effective in controlling CO 2 emissions (Geng et From the perspective of industry, the number of listed companies is one of the most important 528 indicators for measuring the competitiveness of a city and promoting the growth of GDP. In 2015, 529
Changsha was home to 49 listed companies, ranking 12 th in China followed by Wuhan. However, 530
Taiyuan ranked out of 50 th (Yicai, 2016) . Consequently, although the share of SI-related GDP for 531
Changsha increased from 40.8% in 2001 to 54.2% in 2014, the contribution of SI-related CO 2 532 emissions decreased from 81.23% to 76.92%. Therefore, although the total CO 2 emissions were 533 not as high as those for Taiyuan, this city still needs to control the growth of total CO 2 emissions 534 (Table 2) resulting from the concentration of the population into the provincial capital city (Fig.  535 2). 536
In terms of cumulative CO 2 emissions, Zhengzhou ranked third among the 18 selected cities, 537 contributing 8.26% of the total CO 2 emissions, followed by Taiyuan and Wuhan (Fig. 4) . The GDP 538 in Zhengzhou also ranked third in 2014, followed by Wuhan and Changsha (Table 1) . As the 539 capital city of the most populous province, the permanent resident population of Zhengzhou 540 reached 9.38 million, ranked second among the 18 cities in 2014 (Table 1) . Despite the lower 541 AAGR of the CO 2 emissions of Zhengzhou (Table 2) , the base amount of CO 2 emissions in 2000 542 was still high ( Fig. 3 ; Table S1 ). Thus, Zhengzhou still needs to control its total amount of CO 2 543 emissions. The total amount of CO 2 emissions from coal use increased, with the share dropping 544 from 94.14% in 2000 to 85.69% in 2014 due to energy and industrial restructuring (Fig. S1 ). The 545 three industry structures for Zhengzhou changed from 3.1:54.5:42.4 in 2010 to 2.1:49.5:48.4 in 546 2015, indicating that TI continued to rise, while the PI and SI declined to a certain degree. 547
Furthermore, the proportion of industrial value added for six energy-intensive industries to the 548 industrial enterprises above decreased from 51.4% in 2010 to 40.2% in 2015 (Zhengzhou, 2016) . 549
In addition, in this study, the share of SI-related CO 2 emissions decreased from 94.09% in 2000 to 550 89.09% in 2014. The increasing share of tertiary industry and decreasing share of energy-intensive 551 industry together contributed to lower coal-related CO 2 emissions . Formally 552 approved by the state council, Wuhan and Zhengzhou were recognized as the national central 553 cities in 2016 (xinhua, 2017), likely because the per capita emissions grew slowly and because 554 their CO 2 emission intensities rapidly decreased from 2000 to 2014 (Table 2) . 555
The AAGRs of total CO 2 emissions, GDP, and population appeared to be the highest in Hefei 556 among the six provincial capital cities (Table 2) . Avoiding the fast growth of CO 2 emissions was 557 clearly a primary objective for Hefei. The coal-related CO 2 emissions of Hefei increased from 7.9 558
Mt in 2000 to 63.67 Mt in 2014, among which raw coal contributed most. However, the share of 559 raw coal increased until 2003, with a peak value of 96.96%, and then began to decrease. In 2014, 560 the percentage contribution of raw coal was 87.65%. Conversely, the contribution of CO 2 561 emissions from gas increased over the investigation period (Fig. S2 ). 562
With regarding to the cities, like Zhengzhou and Wuhan, the baseline of CO 2 emissions were 563 higher and the AAGR of CO 2 emissions were lower in the central regions. The primary mission 564 was to further shift industry structure from second industry to tertiary industry, and adjust the 565 energy types from coal to the clean energy types in order to keep the economy healthy growing 566 under the premise of controlling the rapid growth of CO 2 emissions. For Changsha and Hefei, how 567 M A N U S C R I P T
to control the vigorous growth of CO 2 emissions, was the main task. Consequently, it was urgent 568 to improve the energy efficiency, change the extensive development pattern into intensive pattern. 569
With respect to Taiyuan, high energy consumable industries should be effectively control, 570 small-scale coal mine construction should be prohibited, electricity and grid construction should 571 be accelerated and raw materials processing should be vigorously developed. 572 M A N U S C R I P T A C C E P T E D
